The quantum mechanical integral inelastic cross-sections for the rotation transitions in a diatomic molecule with an atom were computed and analysed by using the empirical power-gap "law" over a wide range of coliisioii energy. A well-known parameter, ΙΔΕΙ*, of the power-gap "law" was estimated by observing a rapid fall of cross-sections for the rotational energy transfer, ΙΔΕ Ι > ΙΔΕΙ*. It was found that ΙΔΕΙ* corresponds to classical limit of maximum amount of rotational energy transfer permissible by the angular momentum conservation constraints and the hard ellipsoid potential model provided the hard ellipsoid potential surface is represented by the classical turning point surface of the real potential employed in the computation of cross-sections. Such an agreement is shown to be useful in the determination of the difference of major and minor axes of the intermolecular-potential ellipsoid from the knowledge of the cross-sections and the power-gap "law".
Introduction
One of the important outcomes of the recent experimental and computational efforts in studying rotational energy transfer (RET) in molecular collisions is the evolution of empirical scaling and fitting laws which attempt to fit the entire matrix of integral inelastic cross-sections (IICS), σ(j; -+ if), and rate constants in terms of a few parameters. Considerable attention has been focussed on the power-gap (PG) law [1] [2] [3] [4] [5] for fitting of RET data. Such a fitting of IICS data is expected to lead to a better understanding of the rotational energy transfer in molecular systems.
According to the power-gap "law"
where αn and γ are the fitting parameters that depend on the system and its energy, Τf and T; are final and initial translational energies, respectively, ji and jf are the initial and final rotational quantum numbers, and |ΔΕ| is the energy gap between .
initial and final rotational levels. The dependence of αn and γ on |ΔE| was first pointed out by Noor Batcha and Sathyamurthy [6] . By analysing ten sets of data on CO 2-H 2 system they found that for |ΔE| < | ΔΕ|* one set of parameters αlow and γΙοw and another set of parameters αhigh and Thigh for |ΔΕ | > |ΔΕ | * are needed to fit the data. Several subsequent studies [7] [8] [9] observed the existence of such two regions. Schinke [9] pointed out that the transitions with |ΔΕ| < | ΔΕ|* correspond to the classically "allowed" region and those with |ΔΕ | > | ΔΕ|* correspond to the classically "forbidden" region. It is customary to identify |ΔΕ|* as the maximum classical limit of rotational energy transfer.
The maximum classical limit of rotational energy transfer can ahso be obtained using "hard ellipsoid model" [10, 11] . This model treats a molecule as a hard ellipsoid and the collision between an atom and a molecule is considered equivalent to the collision between the atom and the hard ellipsoid. It has been observed [12, 13] that for a large number of systems an energetically open channel is closed due to the angular momentum conservation constraints. In recent years, there have been several studies [11, 14] to obtain the classical limit of rotational energy transfer,(ΔΕ) max , by using the angular momentum conservation constraints ahong with the hard ellipsoid model.
In view of the above-mentioned studies it becomes interesting to comparê ΔΕ^* so obtained by using the PG law and (ΔΕ)max given by the hard ellipsoid model. In this paper we shall see that they are comparable. Further, we shall discuss that such equivalence of |ΔΕ | * and (ΔΕ)max not only provides the physical meaning to |ΔΕ|* given by the RET data and the PG law but is also valuable for determination of some features of the intermolecular interaction potential from the knowledge of the RET data.
In Sec. 2 we formulate the procedure for determination of (ΔΕ)max and | ΔΕ|*. The results are presented and discussed in Sec. 3. The conclusions are finally summarised in Sec. 4.
Formulation

Determination of (ΔΕ)max
Bosanac [11] treated this problem in a general way by computing the angular momentum transfer as a function of the orientation of the molecule and the incoming atom. We present here a simplified treatment along those hines. Figure 1 shows the hard ellipsoid potential seen by the incoming atom due to interaction with the diatomic molecule. The component of linear momentum tangential to the ellipsoid is not altered by the collision. Therefore, the direction of change in momentum, Δρ, due to collision with the hard ellipsoid potential would be along the normal as shown by IΜ in the figure. For such a change in the linear momentum the magnitude of the conversion of orbital angular momentum of the system into the angular momentum of the diatomic molecule would be where bn is the length of perpendicular OP on the normal MN. Further, for maximum possible value of Δρ one can write where μ is the reduced mass of the colliding system, and Ε and E' are the initial and final translational energies of the system, respectively. Such extreme case of maximum momentum transfer would arise when the linear momentum, p', of the scattered atom is along the normal and is in the direction opposite to the incident momentum, p.
For the maximum possible value of b" one can write the following equation by using the properties of an ellipsoid:
here A and B are lengths of the semimajor and semiminor axes, respectively.
Equations (2) to (4) yield
The above expression can be used to obtain the limit of rotational energy transfer in the molecule. For a simplest case, let us consider the diatomic molecule initially in the ground state. The expression for the maximum amount of rotational energy transfer would be where I is the moment of inertia of the diatomic molecule.
Equation (6) together with the following energy conservation equation:
can be used to compute (ΔΕ)max from the knowledge of E, A, B, μ and I.
Determination of | ΔΕ|*
This parameter is determined with the help of cross-sections obtained from scattering calculations and the power-gap law.
For the computation of cross-sections the diatomic molecule, Ν2, is treated as a rigid rotor and the interaction between the molecule and the atom, He, is taken as a pairwise sum of the spherical terms, i.e., where r1 and r2 are the Ν( 1 )-Ηe and Ν( 2 )-He distances, respectively, as shown in Fig. 2 .
where r0 and ε are taken [15] as 3.60 Á. and 2.328 meV respectively for Ν2-Ηe system.
The results shown in Table I are obtained for potential, V(12, 6), which is obtained by putting n = 12 and m = 6in Eq. (9) . While the results shown in Table II are obtained for potential, V (18, 6) , which is obtained by putting n = 18 and m = 6 in Eq. (9) .
The cross-sections were computed by using Agrawal and Raff's modified version [16] of the infinite order sudden approximation. The phase shifts were computed using a 10-point Gauss-Mehler quadrature of the WKB phase shift equation as described by Pack [17] .
The power-gap "law" given by Eq. (1) yields the following equation: Figure 3 gives typical Χ-Υ plot for Ν2-Ηe system at initial translational energy of 0.15 eV for the potential given by Eq. (9) with n = 12 and m = 6. This plot shows the existence of two straight lines signifying the two regions. The location of the critical point was marked as | ΔΕ | * in the figure. For all sets of computed cross-section, | ΔΕ|* was obtained by such plots.
Results and discussion
For the application of relation (6) Α comparison of the values of (ΔΕ)max given by Eq. (6) and |ΔΕ | * given by scattering method and power-gap "law" shows that they are in very good agreement. This excellent agreement shows that |ΔΕ|* can be considered as (ΔΕ)max .
The data reported in Table I 2 would not depend on Ε and as such the variation in (ΔΕ)max/Ε would be given by the latter factor only. Equation (6) also reveals that (ΔΕ)max/Ε would increase with the increase in μ. It was observed that (ΔΕ),max/Ε increases by about a factor of 2.5 as He is replaced by Ne. Thus, in general, depending on μ, I, and A -Β there can be a large number of systems for which (ΔΕ)max/Ε -> 1. For such systems, contrary to the limit of rotational energy transfer due to angular momentum constraints observed here, the energy conservation constraints would limit the angular momentum transfer.
One of the main advantages of the study of RET cross-sections is to obtain the anisotropic intermolecular potential of the system. The inversion of the experimental cross-sections to obtain the intermolecular potential has been the subject of considerable interest in the recent years [18] [19] [20] [21] . The value of A -Β of Eq. (6) can be determined from the present conclusion, (ΔΕ)max = | ΔΕ | *, and the analysis of scattering cross-sections by using the power-gap "law". For a comparison of A-Β value predicted by the scattering data, the power-gap "law" and Eq. (6) with the actual value given by the potential, the results are presented for V(18, 6) potential for Ν 2 -He system in the energy range 0.15 to 0.55 eV in Table II . We see that the agreement is very good. Though such a determination of A -Β does not give the complete intermolecular potential yet it is important feature of the desired potential and can prove valuable in the determination of the potential surface.
Among the five parameters of the PG law, α lοw , γlow, α h igh and γhigh and |ΔΕ|* the present studies provide the physical significance of only one parameter, |ΔΕ|*. The validity of the hard ellipsoid model seen here al8o provides an understanding that the conversion of orbital angular momentum into the angular momentum of the molecule takes place in the region close to the classical turning point. Likewise, one may expect that the further research in this area may lead to the physical explanation of other four parameters of the PG law and a better understanding of the mechanism of the rotational energy transfer in the molecular systems.
Summary
The classical limit of maximum rotational energy transfer was reviewed for a hard ellipsoid potential model. The conversion of orbital angular momentum into the angular momentum of the diatomic molecule was considered at the hard wall only.
The |ΔΕ | * values obtained by scattering results and the two-parameter power-gap "law" are compared with those given by (ΔΕ)max values predicted by the hard ellipsoid modeh. The good agreement between |ΔΕ | * and (ΔΕ)max over a wide range of energies and different potential functions suggest that the parameter | ΔΕ|*, given by PG "law" has a physical significance: |ΔΕ | * is nothing but the classical limit of the rotational energy transfer. Further, the equivalence of |ΔΕ|* and (ΔΕ)max also suggest that the classical limit of angular momentum transfer given by the hard ellipsoid potential model is meaningful even for the cross-sections computed on the real potentials provided the classical turning point surface of the soft potential is assumed as the hard potential surface.
Such a study also leads to the feasibility of obtaining the difference of semimajor and semiminor axes, Α -B, of the hard ellipsoid potential from the scattering data. The values of Α -B computed using Eq. (6), scattering data and the power-gap "law" are compared with those given by the actual potential. The agreement is found to be very good.
